Introduction {#S0001}
============

Chondrocytes in cartilage connective tissue comprise a unique cell population as they can both produce and degrade the cartilage matrix. In healthy conditions, chondrocytes are responsible for maintaining a balance between the synthesis of new extracellular matrix and the removal of old cartilage tissues. Chondrocytes are highly sensitive cells, and inflammation due to mechanical injury of the joint or connective tissues often provokes their activation and reduces the residential chondrocyte population. This leads to an imbalance in the regulatory actions of chondrocytes, thereby inducing irreversible cartilage damage. Chondrocyte dysregulation has been linked with different joint diseases, such as degenerative osteoarthritis and cartilage injury.[@CIT0001] Stress or inflammation-induced activation of chondrocytes causes abnormal phenotypic changes and triggers the production of pro-inflammatory mediators and matrix metalloproteinases, which are harmful to cartilage.[@CIT0002] Advanced glycation end products (AGEs) are glycated compounds generated from the reaction between reducing sugars and amine residues on proteins or lipids. The accumulation of AGEs in the body is a major risk factor for degenerative diseases and aging.[@CIT0003] Previous investigations have shown that the accumulation of AGEs in articular cartilage is an important source of chondrocyte activation and cartilage damage.[@CIT0004] Recent progress shows that AGE-induced inflammation involves the activation of the NLRP3 inflammasome complex, suggesting that the NLRP3 inflammasome is an important mechanism in tissue injury and repair.[@CIT0005] Activation of the NLRP3 inflammasome leads to caspase 1-dependent release of the pro-inflammatory cytokines interleukin (IL)-1β and IL-18. The formation of the NLRP3 inflammasome complex is regulated by several key factors, including the anti-inflammatory factor nuclear factor erythroid 2--related factor 2 (NRF2), which negatively regulates inflammasome formation.[@CIT0006] NRF2 functions as an anti-oxidative regulator by controlling the production of antioxidant proteins and regulating the function of the NLRP3 inflammasome, thereby contributing to its function in oxidative signaling.[@CIT0007]

Histamine receptor 1 (H1R), a type of G protein-coupled receptor, is an important member of the histamine receptor family.[@CIT0008] Previous research has shown that H1R is expressed in human chondrocytes and is responsive to histamine stimulation, which induces the production of numerous pro-inflammatory mediators and several matrix metalloproteinases (MMPs).[@CIT0009]--[@CIT0011] Additionally, H1R activation has been shown to promote proteoglycan synthesis in chondrocytes.[@CIT0012] These facts indicate that H1R signaling could play a role in chondrocyte regulation. H1R antagonists have been used to relieve allergenic symptoms for decades and provide a powerful tool to study the function of the H1 receptor. Loratadine is a second-generation antihistamine, which acts as an H1R blocker.[@CIT0013] Loratadine has been widely used to treat allergic symptoms associated with hay fever, seasonal allergies, and atopic dermatitis.[@CIT0014] In addition, loratadine has displayed pleiotropic functions in different types of cells and tissues.[@CIT0015]--[@CIT0017] However, the roles of loratadine in the formation and activation of the NLRP3 inflammasome are still unknown. In this study, we investigated the beneficial effects of loratadine against AGE-induced cytotoxicity in human SW1353 chondrocytes.

Materials and Methods {#S0002}
=====================

Cell Culture and Treatment {#S0002-S2001}
--------------------------

The human chondrosarcoma cell line SW1353 cells used in our study were purchased from ATCC. The cells were routinely maintained in Leibovitz's L-15 medium supplemented with 10% FBS and 1% compound antibiotics (100 units/mL penicillin, 100 μg/mL streptomycin). All cell cultures were kept in a humidified incubator environment with 95% air and 5% CO~2~ at 37°C. The AGE cell treatment reagent was freshly prepared in 150 mg/mL stock solution. Loratadine was obtained from Sigma-Aldrich, USA. For the treatment experiments, SW1353 cells were plated on different size plates and allowed to grow to the desired degree of confluence. The confluent cells were then treated with 50, 100, and 150 μg/mL AGEs for 24 hours. To test the effect of loratadine, 25 and 50 µM concentrations of the drug were added to the cell media during the same time window as the AGEs. SW1353 cells were purchased from the American Type Culture Collection (Manassas, USA). Experiments were approved by the ethics committee of Jilin University.

RNA Purification and Real-Time PCR {#S0002-S2002}
----------------------------------

The total RNAs from SW1353 cells were extracted using a commercial High Pure RNA Kit (Roche, USA). The purification was based on the mini-column absorption and elution method, and all the steps were performed by following the manufacturer's instructions. The quality and concentration of the isolated RNAs were measured by Nanodrop. To synthesize cDNA from RNA, 1 μg of RNA from each sample was reacted with the template using an RT-PCR One Step Kit. For real-time PCR, SYBR Green PCR Master Mix was combined with the following human primers to monitor changes in their expression: H1R, NOX-4, TxNIP, NRF2, and GAPDH (as an internal control). The relative mRNA expression levels were normalized to that of GAPDH and calculated as fold-changes using the 2-∆∆ CT method.

Western Blot Analysis {#S0002-S2003}
---------------------

Whole cell lysates of SW1353 were lysed with RIPA buffer plus protease and phosphatase inhibitors. After a short spin at maximum speed on a tabletop centrifuge, the supernatants were collected, and the concentration of soluble proteins was determined using a BCA Protein Quantitation Kit. A 20 μg protein sample was immobilized on a 4--12% PAGE gel. The protein immobilized gel was then transferred to a PVDF membrane and blocked with 5% nonfat milk in PBS, followed by incubation with the primary antibodies and a corresponding secondary antibody. Finally, the images of the blots were processed on an Odyssey automatic Western blotting system, and densitometric analysis was performed using the publicly available software Image J (NIH).

Mitochondrial ROS Measurement {#S0002-S2004}
-----------------------------

The mitochondrial ROS level was measured by staining living SW1353 cells with 5 μM MitoSOX Red (Life Science). Multiple images were taken at the same time with the same parameter settings using a Leica confocal microscope. The images were analyzed with the NIH software Image J. Data are presented as the percentage change from the control.

ELISA {#S0002-S2005}
-----

The cell culture media was collected by centrifuging to remove cell debris. The production of IL-1β and IL-18 in the collected media was analyzed using cytokine-specific ELISA kits (R&D Systems). The cytokine levels were extrapolated from the standard curve and normalized to the total media protein concentration.

NRF2 Knockdown {#S0002-S2006}
--------------

NRF2 expression was silenced by transfecting its specific siRNA or scramble oligos into SW1353 cells using Lipofectamine RNAi Max (Life Technology, USA) reagent. The transfected cells were then allowed to grow for an additional 48--72 hours to reach the silenced phase. The efficiency of NRF2 knockdown was assessed by Western blot analysis using NRF2-specific antibody as described in 2.3 Western blot analysis.

Statistics {#S0002-S2007}
----------

All the experiments performed in this study were repeated at least three times, and the data are presented as means ± standard derivation (S.D.). Two-group comparisons were analyzed using a two-tailed non-paired Student's *t*-test. Multiple-group comparisons were tested using the one-way ANOVA method. The significance differences was determined based on a threshold of p \< 0.05.

Results {#S0003}
=======

H1R Is Induced in Response to AGE Stimulation {#S0003-S2001}
---------------------------------------------

Firstly, we tested the response of H1R to AGE treatment in cultured SW1353 chondrocytes. Following treatment with a series of doses of AGEs (50, 100, and 150 μg/mL) for 24 hours, we found that both the mRNA ([Figure 1A](#F0001){ref-type="fig"}) and protein ([Figure 1B](#F0001){ref-type="fig"}) expression of H1R were induced in a dose-dependent manner.Figure 1Advanced glycation end products (AGEs) increased the expression of the histamine H1 type receptor (H1R) in human SW1353 chondrocytes. Cells were stimulated with AGEs at 50, 100, and 150 μg/mL for 24 h. (**A**) mRNA of H1R; (**B**) Protein of H1R (\*P\<0.01 vs vehicle group; \*\*P\<0.001 vs vehicle group; \*\*\*P\<0.0001 vs vehicle group).

H1R Antagonist Loratadine Reduces AGE-Induced Increased Mitochondrial Reactive Oxygen Species (ROS) {#S0003-S2002}
---------------------------------------------------------------------------------------------------

Next, we examined the effects of loratadine on the production of mitochondrial reactive oxygen species (ROS). Our results indicate that AGEs induced several-fold ROS production, but the addition of the two doses of loratadine (25, 50 µM) dose-responsively suppressed the production of mitochondrial ROS ([Figure 2](#F0002){ref-type="fig"}).Figure 2Treatment with loratadine reduced AGE-induced increased mitochondrial reactive oxygen species (ROS) in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. Mitochondrial ROS was measured by the MITOSOX red staining (\*\*\*P\<0.0001 vs vehicle group; ^\#^P\<0.01 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Loratadine Inhibits AGE-Induced Expression of NOX4 {#S0003-S2003}
--------------------------------------------------

To elucidate the effect of loratadine on ROS production, we assessed its influence on NADPH oxidase 4 (NOX4) in SW1353 cells. Consistently, we found that loratadine dose-responsively suppressed AGE-induced NOX4 expression at both the mRNA ([Figure 3A](#F0003){ref-type="fig"}) and protein levels ([Figure 3B](#F0003){ref-type="fig"}).Figure 3Treatment with loratadine reduced AGE-induced expression of NADPH oxidase 4 (NOX4) in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. (**A**) mRNA of NOX4; (**B**) Protein expression of NOX-4 (\*\*\*P\<0.0001 vs vehicle group; ^\#^P\<0.01 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Loratadine Inhibits AGE-Induced Expression of TxNIP {#S0003-S2004}
---------------------------------------------------

We then assessed the influence of loratadine on the expression of the pro-inflammatory molecule TxNIP. Again, our results showed that loratadine dose-responsively suppressed AGE-induced TxNIP expression at both the mRNA ([Figure 4A](#F0004){ref-type="fig"}) and protein levels ([Figure 4B](#F0004){ref-type="fig"}).Figure 4Treatment with the H1R antagonist loratadine decreased AGE-induced expression of TxNIP in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. (**A**) mRNA of TxNIP; (**B**) Protein of TxNIP as measured by Western blot analysis (\*\*\*P\<0.0001 vs vehicle group; ^\#^P\<0.01 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Loratadine Suppresses NLRP3 Inflammasome Activation {#S0003-S2005}
---------------------------------------------------

To explore the mechanism of loratadine in chondrocytes, we examined the TxNIP/NLRP3 inflammasome complex in the presence or absence of the drug. Our experiments showed that the presence of loratadine dose-responsively suppressed AGE-induced expression of three key components of the NLRP3 inflammasome, including NLRP3, ASC, and cleaved caspase 1 (P10) ([Figure 5](#F0005){ref-type="fig"}), indicating that loratadine mitigates AGE-induced NLRP3 inflammasome activation.Figure 5Treatment with the H1R antagonist loratadine prevented AGE-induced activation of the NLRP3 inﬂammasome in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. Expression of NLRP3, ASC, and cleaved caspase 1 (P10) was measured by Western blot analysis (\*\*\*P\<0.0001 vs vehicle group; ^\#\#^P\<0.001 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Loratadine Inhibits AGE-Induced Production of IL-1β and IL-18 {#S0003-S2006}
-------------------------------------------------------------

We then assessed the effect of loratadine on the production of IL-1β and IL-18, two cytokines produced by NLRP3 inflammasome activation. The results of ELISA assay indicated that loratadine dose-responsively inhibited AGE-induced production of both IL-1β ([Figure 6A](#F0006){ref-type="fig"}) and IL-18 ([Figure 6B](#F0006){ref-type="fig"}).Figure 6Treatment with the H1R antagonist loratadine prevented AGE-induced secretion of IL-1β and IL-18 in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. (**A**) Secretion of IL-1β; (**B**) Secretion of IL-18 (\*\*\*P\<0.0001 vs vehicle group; ^\#\#^P\<0.001 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Loratadine Mitigates AGE-Mediated Reduced NRF2 {#S0003-S2007}
----------------------------------------------

We also assessed the effect of loratadine on the expression of the antioxidant regulator NRF2. Treatment with AGEs reduced NRF2 expression, but the presence of the two doses of loratadine mitigated the AGE-induced decrease in NRF2, with the dose of 50 µM nearly restoring both NRF2 mRNA ([Figure 7A](#F0007){ref-type="fig"}) and protein expression ([Figure 7B](#F0007){ref-type="fig"}).Figure 7Treatment with the H1R antagonist loratadine restored AGE-induced reduced nuclear factor erythroid 2-related factor 2 (NRF2) expression in human SW1353 chondrocytes. Cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (25, 50 µM) for 24 h. (**A**) mRNA of NRF2; (**B**) Protein of NRF2 (\*\*\*P\<0.0001 vs vehicle group; ^\#^P\<0.01 vs AGEs group; ^\$^P\<0.01 vs AGEs+25 µM loratadine).

Silencing of NRF2 Abolishes the Inhibitory Effect of Loratadine on NLRP3 Inflammasome Activation {#S0003-S2008}
------------------------------------------------------------------------------------------------

Finally, we examined the effect of loratadine on the NLRP3 inflammasome when NRF2 was silenced in SW1353 cells. Our experiment verified that we silenced the protein expression of NRF2 by nearly 60% ([Figure 8A](#F0008){ref-type="fig"}). Interestingly, loratadine lost its inhibitory action on AGE-induced NLRP3 inflammasome activation in NRF2-silent cells but not in NRF2-expressing cells ([Figure 8B](#F0008){ref-type="fig"}). Furthermore, the results of ELISA assay revealed that loratadine failed to show any effect on AGE-induced IL-18 production in NRF2-silent cells but maintained its inhibitory effect in NRF2-expressing cells ([Figure 8C](#F0008){ref-type="fig"}). These data suggest that the expression of NRF2 in chondrocytes is necessary for the action of loratadine in the context of AGE stimulation.Figure 8Knockdown of NRF2 abolished the protective effects of loratadine against NLRP3 activation in human SW1353 chondrocytes. Cells were transfected with NRF2 siRNA. At 24 h post transfection, cells were stimulated with AGEs (100 μg/mL) in the presence or absence of loratadine (50 µM) for 24 h. (**A**) Western blot revealed the successful knockdown of NRF2; NS, non-specific siRNA; siNRF2, NRF2 siRNA; (**B**) Protein expression of NLRP3 as measured by Western blot analysis; (**C**) Secretion of IL-18 as measured by ELISA (\*\*\*P\<0.0001 vs NS group; ^\#\#\#^P\<0.0001 vs AGEs +NS group; ^\$\$\$^P\<0.0001 vs AGEs+50 µM loratadine).

Discussion {#S0004}
==========

Histamine acts by binding to G protein-coupled histamine receptors, including H1, H2, H3, and H4, which have differing degrees of affinity to histamine. Among them, the two most sensitive receptors are the H3 and H4 receptors, while the activation of H1 and H2 receptors requires significantly higher concentrations of histamine.[@CIT0018] The activation of the H1 receptor in chondrocytes is associated with the synthesis of the extracellular matrix.[@CIT0012] A recent study indicated that residential mast cells in synovial tissue also play an important role in OA and contribute to the structural damage of cartilage in OA.[@CIT0019] Epidemiological population-based studies have found that the use of H1R type antihistamine drugs is associated with a reduced prevalence of knee OA,[@CIT0020] indicating the possible role of loratadine in OA.

In recent years, targeted modulation of chondrocyte function has been implicated in the treatment of osteoarthritis and other joint diseases. During the development of osteoarthritis, chondrocyte renewal fails to satisfy the need for the repair of damaged cartilage tissue. Targeted drug intervention in chondrocytes offers the potential to recover destructive chondrocytes to their normal function.[@CIT0021] Previous work has shown that the histamine receptor H1R is detectable in osteoarthritic cartilage,[@CIT0022] and the stimulation of H1R by histamine induces chondrocyte proliferation,[@CIT0011] suggesting that H1R is a feasible treatment target in chondrocytes. Chondrocytes synthesize large amounts of proteoglycans, which is an important component of the cartilage matrix. Research has shown that the stimulation of H1R increases proteoglycan synthesis.[@CIT0012] All these findings indicate that targeting H1R in chondrocytes to reverse chondrocyte dysfunction has the potential to treat osteoarthritis and cartilage damage. However, the regulatory mechanism of H1R in chondrocytes remains to be investigated. AGEs are known to be an important stimulator of chondrocyte activation, and its damaging effect on chondrocytes has been well documented.[@CIT0023]

In our study, we used AGEs to induce chondrocyte activation and showed that loratadine had a protective effect against AGE-induced chondrocyte damage. We initiated our investigation and showed that H1R was induced in response to AGE treatment in a dose-dependent manner in SW1353 cells, suggesting that stress-induced H1R expression could play a role in chondrocyte activation. We then assessed the impact of the loss of this receptor on chondrocyte activation.

Our results show that loratadine treatment exerted a protective effect against AGE-induced chondrocyte activation. Of note, loratadine treatment exerted an ameliorative effect on AGE-induced ROS production, as revealed by decreased mitochondrial ROS production and cytosol NOX4 expression. Furthermore, treatment with loratadine suppressed the AGE-induced expression of pro-inflammatory TxNIP. TxNIP is a vital mediator of ROS signaling, and previous work has shown that ROS serve as danger signals to link oxidative stress and inflammasome activation.[@CIT0024] Next, we fully examined the impact of loratadine on NLRP3 inflammasome activation. The activation of the NLRP3 inflammasome complex facilitates the production of IL-1β and IL-18 involving the adaptor protein ASC and cleavage of caspase 1.[@CIT0025] Our data also confirm that loratadine suppressed the AGE-induced expression of ASC and the cleavage product of caspase 1, thereby reducing the production of IL-1β and IL-18 by the NLRP3 inflammasome. Moreover, we showed that loratadine inhibited the expression of the anti-inflammatory regulator NRF2. NRF2 is a critical negative regulator of NLRP3 inflammasome activation.[@CIT0026] When NRF2 was silenced in chondrocytes, loratadine lost all of its inhibitory effects on NLRP3 inflammasome activation, suggesting that chondrocyte NRF2 is an upstream signal of the NLRP3 inflammasome regulated by H1R. The abnormally high expression of NRF2 has been linked to cartilage damage and has been recognized as a promising molecular target in the treatment of osteoarthritis.[@CIT0027] A recent drug repository study shows that a different H1R antagonist Astemizole promotes the expression of several target genes regulated by NRF2, indicating that NRF2 could be in the regulatory scope of H1R signaling.[@CIT0028] In lieu of this study, we showed direct evidence that histamine receptor signals act by increasing NRF2 expression to counter against AGE-induced cellular stress in chondrocytes. The remaining question is how H1R blockade influences NRF2 expression. Previous work has shown that NRF2 shuttles between cytosol and the nucleus via multiple signaling pathways.[@CIT0029] As a transcriptional factor, NRF2 regulates cellular ROS and inflammation mainly through transcription of its target genes in the nucleus. We hypothesize that loratadine may promote nuclear entry of NRF2 where it controls the transcription of the NLRP3 inflammasome complex.

Usually, loratadine acts as an antagonist of H1R, which is activated by histamine. In the current study, our results indicate that loratadine alone exhibits a protective role against AGEs-induced cellular stress in chondrocytes, suggesting that loratadine could have a direct impact on chondrocytes other than through H1R-dependent signaling. Previous studies have made a similar observation that loratadine treatment could regulate the function of vascular endothelial cells, bone marrow derived dendritic cells and eosinophils through a mechanism independent of H1R antagonism.[@CIT0030]--[@CIT0032] Thus, we conclude that loratadine might regulate alternative pathways in chondrocytes, which might occur independently of H1R. Further investigations in the future will provide a complete picture of the underlying mechanism.

There are a few limitations to our study. Firstly, all the tests were performed in SW1353 cells, which are derived from chondrosarcoma cells. Although SW1353 was considered as a surrogate cell line for primary chondrocytes, it shows limited potential to mimic primary chondrocytes.[@CIT0033] Ideally, tests using primary isolated chondrocytes from OA patients would provide validation of the effect of loratadine. Also, immortalized chondrocytes cultured under conventional conditions tend to undergo dedifferentiation that features a loss of the chondrocyte phenotype and adoption of the fibroblast phenotype.[@CIT0034] Secondly, the pathogenesis of OA is a complex process involving multiple cell types and their interactions. Although chondrocytes play a significant role in OA development, other cell types, such as synoviocytes and immune cells, contribute as well. Therefore, the ultimate test of the therapeutic effect of loratadine using in vivo studies with animal models is necessary in the future.

In conclusion, our study demonstrates that loratadine mitigates AGE-induced cellular stress in chondrocytes. Loratadine is a widely used generic drug for relief of the allergic response, and its protective effect in chondrocytes is worthy of our attention for further investigation. It is conceivable that loratadine could have the potential to be used in the treatment of degenerative osteoarthritis and cartilage injury.
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